Abstract. The globally preserved number and volume of ancient biogenic reefs is strongly biased by two factors: geological history and research intensity. These biases are sufficiently strong to cast doubts on the biological meaning of the recorded raw pattern. Without adjustment, it is hard to reliably identify factors potentially controlling the waxing and waning of this important ecosystem through time. Although it is currently impossible to completely compensate for the biases, I demonstrate here, based on a comprehensive database of ancient reefs, that spatiotemporal heterogeneities of the biases can largely be evened out by: (1) omitting oceanic reef sites and reef sites only known from subsurface exploration; (2) standardizing for economic factors known to affect research intensity; and (3) adjusting for sedimentary cycling processes. The resulting curves of fossil reef abundance and volume appear quite different from the original ones but the patterns of waxing and waning of the time series are not significantly altered and the overall volatility is not reduced. This suggests that both the raw curves and the adjusted curves correctly depict the basic timing of major reef blooms and declines. Nevertheless, the general pattern of the new curves (maximum proliferation in the middle Paleozoic, decline thereafter) is more in line with patterns of global cratonic carbonate sedimentation than the original curves. The adjusted curves should thus be preferred over the original ones for future tests of potential extrinsic controls of Phanerozoic reef development.
Introduction
The bias of the fossil record has repeatedly been emphasized in the last few years. Most studies agree that recorded changes of biodiversity are so strongly governed by changes Correspondence to: W. Kiessling (wolfgang.kiessling@museum.hu-berlin.de) in the quality of the geological record that the biological signal is largely overprinted (Peters and Foote, 2001; Smith, 2001; Crampton et al., 2003) . However, little has been done to adjust for this bias in order to achieve biologically more meaningful patterns of diversity through geological time. For biodiversity, large-scale heterogeneities of sampling intensity can be balanced by subsampling techniques based on weighted random draws from the available sampling pool (Alroy et al., 2001; Bush et al., 2004) . Equivalent adjustments are more difficult when the unit of sampling is a biological community and the pattern of interest is abundance or productivity rather than diversity. These adjustments, however, are an important prerequisite for meaningful analyses at the ecosystem level.
Here I focus on the abundance (N) and volume (V ) of tropical reefs through the Phanerozoic. These patterns provide important proxies of the waxing of waning of a wellconstrained marine ecosystem. Similar to biodiversity, there is no hope to ever gain a reliable number of the true values at any particular time, but the preserved record must be standardized as much as possible.
The goal of this paper is to remove as much bias as possible from the time series of N and V as recorded in a database on Phanerozoic reefs, the so-called PaleoReefs database http://193.175.236. 205/paleo/, ID=paleo; Password=reefs) . Previous analyses of this database have found several significant crosscorrelations between environmental change and changes in reef attributes but failed to detect extrinsic factors determining the waxing and waning of global reef production . It is possible that intrinsic factors such as biodiversity override the control of environmental factors (Kiessling, 2005a) or the environmental factors are insufficiently resolved. However, it is as well possible that the recorded time series of N and V are just too biased to reflect the true pattern of Phanerozoic reef carbonate production (Kiessling, 2005b) . Thus the full appreciation of potential physico-chemical controls on reef ecosystems through time will only be possible when all potential biases are removed.
Database and methods
The analyses are based on a comprehensive database of Phanerozoic reefs currently comprising 3367 entries. This database contains information on paleogeographic, paleontological, geometrical, and petrographical attributes on mostly pre-Pleistocene Phanerozoic reef sites, where a site lumps data from reefs of the same age and environmental setting within an area of roughly 350 km 2 . Previous analyses have detailed the patterns of reef abundance and calcium carbonate (CaCO 3 ) production through time (Kiessling et al., 1999 (Kiessling et al., , 2000 but potential biases in these patterns were always a matter of concern (Kiessling et al., 1999; Kiessling, , 2005b . The method of calculating the preserved volume of reefs is as in Kiessling et al. (2000) , except that I focus on preserved volume (= net accumulation of calcium carbonate) rather than estimates of gross CaCO 3 production. This method assumes simple reef geometries and gives very conservative estimates of preserved reef volume. The volume is calculated from just the measured portion of reported reef sites and does not consider reconstructions of reef tracts. Although it is obvious that the calculated volumes are at least one order of magnitude lower than presumed true volumes, there is currently no sound way to extrapolate these measured values using estimates of extensions of reef tracts. The recorded pattern of the number of reef sites and their cumulative volume through time (Fig. 1) is a function of true fluctuations and the sum of distorting factors. The severity of these distortions has recently been quantified (Kiessling, 2005b) , focusing on the effects of habitat area, the number of oceanic reefs, reservoir potential, and socioeconomic factors. Socioeconomic factors, most importantly economic productivity per unit area, were identified as introducing the most severe bias in the recorded number and volume of ancient reefs, but the other factors are also likely to distort the biological signal. What was missing in the previous analysis was an approach towards compensation of these biases, in order to reconstruct a more realistic time series.
Here I present methods and results of an adjustment in four logical steps. The first step is an omission of reef sites with low preservation potential on geological time scales. The second step smoothens out artifactual heterogeneities of sampling intensity by excluding reefs only known from subsurface exploration. In the third step, perhaps the most controversial, I try to adjust for the effects of heterogeneous spatial sampling due to differences in gross domestic product between countries. The fourth and final step compensates the long-term trends of sediment preservation in the geological record.
Because temporal resolution does matter, I report raw data and adjustments for two different sample resolutions. The first sample resolution is based on supersequences defined by semi-global unconformities (with an average duration of 17 Myr); the second is based on time intervals (bins) of roughly ten million years (Myr) duration, but adheres to traditional paleontologically defined boundaries (Kiessling, 2005a) . A complication exists due to imprecisely dated reefs, which cannot be assigned with confidence to a particular bin. This is not a problem for supersequences, because only reefs confidently assignable to a supersequence were included in the database. However, with finer temporal resolution, reef sites become more common, which cannot be assigned to a single bin. There are several options to handle this problem: one can simply omit those imprecisely dated reefs, or one can assign them to all bins spanning the time of imprecision. In either case, the total counts at the finer sample resolution will differ from the total at the coarser resolution. To keep the total counts constant (which is necessary for some adjustments), I applied a random bin assignment for imprecisely dated reefs.
Both time series consist of bins with slightly unequal durations. Therefore all numbers have been normalized to 10 Myr intervals following the time scale of Gradstein et al. (2004) . Changes in the time series after manipulation are recorded by overall similarity (correlation), changes in standard deviation W. Kiessling: Unbiased estimate 17 of the total time series and changes in volatility (volat) of the complete time series:
where (N, V ) is the recorded number of reef sites (N) or reef volume (V ) in a bin t and in the previous bin t−1, and std stands for the standard deviation of the natural logarithm (ln)-transformed quotients. Following standard methods used in volatility estimation of financial time series (http://www.riskglossary.com/link/volatility.htm), I apply a ln-transformed quotient rather than simple first differences.
Excluding oceanic reefs
Oceanic atolls are important reef sites today. A survey of Reefbase (http://www.reefbase.org), a database on modern tropical coral reefs, suggests that 37±2% of all modern tropical coral reefs are situated in oceanic regions (Kiessling, 2005b) . Due to subduction processes associated with plate tectonics, oceanic reef sites have little chance of a lasting geological record, especially the smaller volcanic islands and seamounts (Cloos, 1993) , which are important reef sites today (Vecsei, 2000) . The higher probability of preservation of younger oceanic reef sites introduces a severe bias towards higher reef numbers in more recent times. In the PaleoReef database, 10% of all Miocene reefs are from oceanic sites, whereas just 5% of all Late Cretaceous reef sites are oceanic and there are virtually none prior to the Jurassic. There are obviously some exceptions to the long-term term decline of oceanic reef sites. The richness of late Early Cretaceous seamounts (guyots today) in the Pacific Ocean, probably related to a mid-Cretaceous superplume (Larson, 1991) , provided abundant oceanic habitat area for reef growth and carbonate platform development (Wilson et al., 1998) . In the Aptian and Albian stages (125-100 Myr before present) roughly 20% of all documented reef sites are from Pacific guyots. Thus the original proportion of oceanic reef sites obviously varied through time and a reliable global adjustment cannot be made until we have better constraints on the secular variations of seamount formation rates. Although some indirect measures are being developed (e.g., correlations with sea-floor spreading rates, Behn et al., 2004) , the prediction of original pre-Jurassic oceanic habitat area (and by inference reef abundance) will perhaps always remain impossible. Nevertheless an adjustment has to made to at least reduce the bias. Here I omitted all oceanic reefs to adjust for the overrepresentation of oceanic reefs in younger times. This adjustment implies that the resulting curve is valid only for reefs on continental crust.
Excluding subsurface data
The PaleoReef database contains many reefs known only from subsurface exploration, either from drilling or seismic data (607 out of 3266 non-oceanic reef sites, or 18.6±1.3%). While it is beneficial to have data from the subsurface, where paleontologically relevant information is usually scarce, the heterogeneous temporal distribution of the proportion of subsurface reefs suggests a strong bias. The proportion of reefs with hydrocarbon reservoir potential and the proportion of subsurface reefs are significantly cross-correlated (R=0.76, P <0.001 for first differences), which suggests that the recorded number of subsurface reefs is strongly controlled by economic interest. This means that the true number of reefs will be greatly underestimated when reefs have no reservoir potential and are thus rarely explored by drilling. Furthermore subsurface reefs tend to be larger in thickness, either due to different methods in estimating reef geometries or due to the fact that only larger reefs are recorded by seismic exploration. This imposes a strong bias on the calculations of preserved reef volume. For these reasons complete removal is the best way to adjust for the bias introduced by subsurface reefs. This adjustment may not balance all bias introduced by the economic interest in reefs as hydrocarbon reservoirs. Exposed reefs also tend to be studied more intensely, when they can be used as models for subsurface reservoirs. Although, there is no way to estimate this exploration bias quantitatively, it may not be that strong because reefs from bins without significant hydrocarbon accumulations are also being used as reservoir analogues (e.g., Antonellini and Mollema, 2000 for a Triassic example).
On the other hand, burial and failed uplift may unfairly underestimate the global number of reef sites relative to other bins when most of the formerly buried reef sites became exposed by tectonic processes. The Cambrian of cratonic North America and the Miocene in the Indo-Pacific region are good examples for an elevated proportion of buried sediments with reefs, whereas most of the Tethyan Triassic reefs were exposed by Alpine-Himalayan orogeny. Reliable estimates of subsurface and outcrop area of sedimentary rocks would be needed to get a better resolved measure of true fluctuations of subsurface reef abundance. At this point, the strong crosscorrelation between reservoir potential and subsurface reefs dictates the exclusion of subsurface reefs to approach a more unbiased pattern.
Adjustment for variations in gross domestic product
While the number of subsurface reefs is controlled by economic interest, the number of recorded reefs in general may also be governed by economy. I have previously demonstrated that the number of reef sites and their cumulative volume described from each country is strongly dependent on its gross domestic product (GDP), especially when normalized by land area (Kiessling, 2005b) . More reefs are known from countries with a high GDP density (GDP per unit area) than from countries where the GDP density is low. It is possible the PaleoReef database does not contain all the global data because it is focusing on international literature. However, 18 W. Kiessling: Unbiased estimate the focus of data gathering was always on a maximum geographic distribution of the data and more than 50% of the reef data are from sources not covered by Journal Citation Reports published by Thomson ISI. In spite of a number of additional factors that affect the number and volume of documented fossil reefs, the strong correlation suggests that economy or some correlate of economy severely biases the record of reefs, at least as reflected by entries in the PaleoReefs database (Kiessling, 2005b) . Although the mobility of geoscientists from rich countries is increasing, the long history of research within rich countries is far from being made up. Additionally, even with increased mobility, biogeologists appear to favor countries with relatively high GDP density, perhaps owing to constraints on infrastructure, safety, and bureaucracy.
The quantitative correlation between GDP density and reef density per country can also be seen qualitatively. For example, the widespread Late Jurassic (mostly Oxfordian) sponge-microbial reefs of Europe are apparently much more common in Germany (15 detailed records of this reef type) than in Poland (four detailed records) although summary maps (e.g., Leinfelder et al., 1996) indicate a very similar extent of the so-called spongiolithic facies in both countries. The similar difference in GDP density (Germany, 7.75 million dollars per km 2 ; Poland 0.55 million dollars per km 2 ; data as of 2002 in 1995 US-$) underlines that the bias is correlated with the GDP density. Another example is the apparent truncation of a Middle Miocene reef tract along the Red Sea Coast at the Egypt/Sudan border. Egyptian coral reefs have received considerable attention from both local and foreign biogeologists and eleven reefs are described in detail, but there is only one detailed account of the same reef tract in the much poorer Sudan with just two reef sites described in some detail (Sestini, 1965) . Kiessling (2005b) found that 54% of the variance in lntransformed reef density (number of reefs per unit area) can be explained by variations in ln GDP density (GDP per unit area) between countries. Because this former study has included oceanic and subsurface reefs, the correlation values of Kiessling (2005b) cannot be used directly for this study. A new analysis of the reduced PaleoReefs database (oceanic and subsurface reefs excluded) was thus performed, based on a threshold of at least five reef sites per country (78 countries meet this criterion). This threshold was chosen to reduce statistical noise. With a lower quota, changes in reef abundance are increasingly due to chance, as numbers are then just based on one or two studies (references). One should note, however, that the basic results remain the same when all reef-bearing countries (=111) are included in the analysis.
The Pearson correlation between ln GDP density and ln density of reef sites is 0.665 (P <0.001). The variance explained by ln GDP density is thus 44%, which is lower than in the full dataset, probably due to the reduction of economic bias by exclusion of subsurface reef sites. Between ln GDP density and ln reef volume density, the correlation is R=0.304 (P =0.007). The much stronger correlation with numbers than with volumes is probably due to the overestimation of reef sizes in less developed countries. Judging from my own experience with entering data into the PaleoReefs database, the most likely reason for the overestimation of reef sizes is the inclusion of extra-reefal carbonates into estimates of reef sizes. One specific example comes from the Jurassic Esfandiar Limestone in Iran, which has been qualified as a several hundred meters thick reefal limestone (algal reef) in older local surveys (Stöcklin et al., 1965) , when there is nothing but small microbial biostromes and bioherms in the region (F. Fürsich, personal communication, 2003) . Nevertheless, a significant bias of GDP is evident both for numbers and volume. The correlation coefficients are somewhat higher for Spearman rank correlations (R=0.688 and R=0.363, respectively), but since the data are nearly normally distributed on a ln scale, the Pearson correlations are used for adjustment.
For all reefs, the adjustment is relatively straightforward. There are basically two ways to adjust for the GDP density effect on reef density. One uses the regression equation and the other applies the correlation coefficient. I have used the most conservative method (that is, the one providing the lowest correction factor) for N and V . To correct for N in each country where reefs are preserved, I have first extracted the equation of the regression analysis:
where N is the number of reef sites within the country, area is the land area of the country in million square kilometers, and GDP is the gross domestic product of the country in billion dollars. From this, one can calculate the expected number of reef sites (N exd ), when GDP density (GDP area) would be a perfect predictor of reef density:
The residuals (res) of the regression were factored in to achieve a more realistic prediction of N at a given GDP density:
With this, the expected number of reef sites (N GDP ) can be calculated for any GDP density and can be both interpolated and extrapolated. Here I use the ln GDP density of Romania (5.07 as of 2002) as the level of adjustment, which is closest to the average ln-transformed GDP density of all countries with reefs. The least and most explored countries can then be identified by the maximum differences between predicted and observed values ( Table 1 ). The quotient of N GDP and observed N in each country can be used to derive a correction factor for each country (N fact ), which can also be applied to adjustments within bins (see below). (5) However, because the correlation coefficient is low, it is more conservative to calculate the expected reef volume for a given GDP density by:
where V GDP2 is the GDP-adjusted reef volume in a country, V O is the observed reef volume, R is the correlation factor derived from all reefs and countries (=0.304) and (ln(GDP area)) is the difference between the level of adjustment (ln GDP density of Romania) and the ln GDP density of the country in question.
The term exp(R× ((ln(GDP area))) is used as the correction factor of V for each country (V fact ). Due to the higher correlation coefficient, applying Eq. (6) to N would result in higher values of N fact and hence Eq. (4) is preferred for the adjustment of N .
The ranking of the least and most explored countries in terms of recorded reef volume (Table 2 ) is similar to the one for reef abundance. Not surprisingly, the five least explored countries are fairly large relative to their GDP. Russia, Mongolia, Afghanistan, Canada and Kazakhstan are in the top five least explored countries by both adjustments for N and V , and Germany, Italy and the United States are always in the top five most explored countries. Owing to its very low GDP density, Mongolia has particularly high values of both N fact andV fact .
Similarly to the global pool of data, it is reasonable to assume that the global number of reefs is overestimated with respect to other bins when the majority of reefs from a particular bin are known from countries with a high GDP density, whereas the number of reefs is underestimated when most of the reefs are known from countries with a low GDP density. Indeed, the basic correlation between GDP density and reef density per country is also evident for some individual bins, although correlation coefficients are usually smaller. An analysis of the six richest supersequences (S, each with at least 125 reef sites) suggests an increasing dependency through time. Correlations are insignificant in the Ordovician (S5) and Silurian (S7), significant in the Devonian and Triassic (S10: R=0.50, P =0.015; S18: R=0.44, P =0.012) and highly significant in the Jurassic and Miocene (S21: R=0.57, P <0.001; S31: R=0.48; P =0.004). Although this could mean that the bias of economy is less prevalent in the early Paleozoic (e.g., countries with a low GDP density are better sampled), it could as well be due to random effects of lower sample sizes. The lower correlations can also be explained by the fact that most of the Paleozoic reefs are recorded from sites in large countries with a relatively low GDP density (mostly listed in Table 1 ). Thus it is straightforward to apply the correction coefficients (N fact and V fact ) derived from the total (=Phanerozoic) data pool to individual bins. This is done by multiplying the raw values of N and V recorded in a bin by N fact and V fact for each country and then summing the results up to achieve a GDP-adjusted estimate of the grand total in this bin. For example, in S9 (Emsian-Eifelian supersequence) there are eight exposed reef Table 1 , expands the number of reefs in Mongolia to 12.11×8=96.9 reefs and reduces the number of reefs in the United States to 0.43×13=5.6. If these two countries were the only ones with a reefal record in this supersequence (which they are not), the total GDP-adjusted number would rise to 102.5 as compared with 21 in the raw data. This method implies that adjustments are only being made for countries in which reefs have actually been recorded. With good knowledge of the paleogeology of all bins, adjustments could also be applied for countries without any record of reefs at a particular time.
Compensation of sediment cycling
The amount of sediment preserved with time is well known to fit an exponential decay curve (Gregor, 1985; Wilkinson and Walker, 1989; Hay, 1990, 1993) . Although the fit to actual data is quite poor for sedimentary carbonates in general (Morse and Mackenzie, 1990; Mackenzie and Morse, 1992) and in reefs in particular , there is no reason to assume that the basic principles of sediment decay through time do not apply for CaCO 3 . An exponential decay can thus be assumed as a first approximation.
where (N, V ) R =reconstructed number of reef sites or reef volume; (N, V ) P =preserved number of reef sites or reef volume; k=decay constant; t=midpoint of bin in Myr.
The empirically derived decay constants for the raw data are suspiciously low for reef numbers and even negative for all GDP-adjusted data (Table 3) . This is a common observation when looking at carbonate preservation through the Phanerozoic. The Phanerozoic shift of CaCO 3 production to the open ocean (Wilkinson and Walker, 1989 ) and the drift of shelf areas to latitudes unsuitable for prolific carbonate sedimentation has resulted in the paradox of negative decay constants for shallow water carbonates (Walker et al., 2002) . Just as systematic long-term shifts in the carbonate reservoir size obscure the reliable identification of decay constants for sedimentary carbonates in general, true fluctuations in reef proliferation hinder the empirical determination of a decay constant for the erosional destruction of reefs. The only benefit from the experimental determination of decay constants in reefs is to show that these are comparable for numbers and volumes (Table 3) . It may thus be permitted to apply a single decay constant for both measures, which however has to be derived from an independent data source. I derived a decay constant from the known mass/age distribution of all Phanerozoic sediments. Hay and Wold (1990) have compiled information of earlier work (Ronov et al., 1980; Budyko et al., 1987) and normalized the data to 10 Myr bins. I have extracted their data for the mass/age distribution of sediments on the continents and passive continental margins, modeled the data into the time scale used in this study and fitted an exponential decay curve. The resulting decay constant of 0.0014 Myr −1 is used as a first approximation of reef survival rates (both for V and N ) through the sedimentary record.
Apart from true fluctuations in reef proliferation, the imperfect fit of decay curves can also be explained by cyclic changes in weathering intensity due to large-scale sea level fluctuations, which in turn are controlled by plate tectonic processes (Mackenzie and Morse, 1992) . Global phases of plate assembly and disassembly are known to alter sedimentation and erosion regimes at global scales (Ronov, 1994) . A potential proxy tracing these changes is the percentage of continental area covered by seawater, which is a function of eustatic sea level and hypsometry. Empirical evidence con- firms that changes in continental flooding are indeed significantly cross-correlated with changes in preserved reef abundance . Therefore, I have previously suggested introducing an additional factor to adjust for the effect of continental flooding . However, continental flooding or its inverse, continental freeboard, acts in two ways on the preservation of ancient reefs. The first way is the control of flooding on habitat area. As tropical reefs have a strong preference for shallow water habitats, the reduction of shelf area by a relative sea level fall may considerably lower the available habitat area and thereby global reef carbonate production (Kleypas, 1997) . Changes in habitat area certainly influence the CaCO 3 production of reefs, but they do not strictly represent a sampling bias. The second way is the effect of continental flooding on the volume of preserved sediment. Increases in continental freeboard are associated with erosion of older sediments. While at relatively fine temporal scales (stage level and finer) the biasing effect of low sea level is suspected to occur at a temporal lag (the backward and forward smearing effects; Foote, 2001) , it is reasonable to assume that over longer bins, the erosion effect will be strongest within a bin. Mackenzie and Morse (1992) have previously noted a good match between declining rates of carbonate preservation and orogenic cycles, with survival rates declining when approaching the Slossian (Sloss, 1963 (Sloss, , 1976 ) megasequence boundaries.
At this point it is hard to decide which of the two effects will more strongly influence the preserved number and volume of reefs. In any case, a simple adjustment for continental flooding will always result in a mixed signal. Therefore, proxies of actual weathering rates are required. It is reasonable to assume that the bias on preserved reef carbonate production is proportional to the deviation from mean weathering rates. Unusually low rates will result in a positive departure from the exponential decay curve. Higher than normal weathering rates will result in a negative departure and an elevated decay constant. I used the chemical weathering rates derived by Berner and Kothavala (2001) from volumes of terrigenous rocks (Ronov, 1993) . These values for siliciclastic rocks, are conservative estimates of carbonate weathering, which are usually much more prone to chemical weathering (Blum et al., 1998) . The epic level chemical weathering rates (f R (t)) were interpolated and adjusted to the stratigraphic bins used herein. As the f R (t) values of Berner and Kothavala (2001) are already standardized to the Miocene level of chemical weathering, they can be directly applied to adjust the decay constants and achieve a corrected curve of reef volumes by using the following equation:
The effect of f R (t) is such that the decay constant at time t is lowered when the intensity of chemical weathering is less than in the Miocene. Thereby the corrected values of N and V are lowered with respect to the simple correction for sedimentary decay. The opposite applies for bins in which chemical weathering is higher than during the Miocene. 
Results
The various levels of adjustment have a quite different impact on the observed curves on N and V . The effect of removing oceanic reefs results in a minor modification of the original pattern (Fig. 2) . Noticeable changes are limited to the Cretaceous and Cenozoic. A significant decline is observable especially in the Early Cretaceous and Neogene, due to the high proportion of reefs on oceanic atolls and seamounts in these intervals (see Sect. 2.1). The additional exclusion of subsurface reefs results in a visibly modified pattern (Fig. 3) . Major peaks are often reduced, whereas the depressions in the raw data are usually little affected by the exclusion of subsurface reefs. As expected, the effects on V are much stronger than on N , owing to the larger size of subsurface reefs (see Sect. 2.2). The most notable changes are visible in the Devonian and Neogene, which are times of especially intense subsurface exploration due to the high reservoir potential of reefs (Kiessling et al., 1999) . Another interesting feature is the much more prominent peak in the latest Triassic, especially at the 10 Myr sample resolution. This is explained by the fact that nearly all late Norian and Rhaetian reefs are known from exposures. The overall volatility of all time series is reduced, albeit not strongly (Table 4) . Apart from this, the major times of reef growth are basically the same as in the raw data ( Fig. 1) , although the ranking has changed. The correction for GDP density has substantial effects, especially in the early Paleozoic (Figs. 4 and 5) . The strong concentration of reefs in countries with a fairly low GDP density (such as Russia, central Asian states and Mongolia, Table 1) at that time renders it likely that there are many undetected (or unreported) reefs in these countries. The adjustments often result in substantial additions to the previous datasets. There is a disturbing peak in the Wenlockian supersequence (S7, roughly at 425 Ma) after GDP-adjustment, which is visible both for N (Fig. 4a) and V (Fig. 5a ). The peak, already present in the raw data, is enhanced due to the large number of reefs recorded from Canada, Russia and Mongolia, which have high correction factors ( Table 1) . As N per unit area is more strongly controlled by GDP density than the cumulative reef volume, the GDP-adjusted curves of N (Fig. 4) differ most strongly from the previous curves. The original values are more than doubled in several bins and usually raised by around 50% in the Paleozoic. For V , the GDP adjustments are usually much less pronounced (Fig. 5) , with a maximum of +80 to +90% in the Emsian-Eifelian supersequence (at 398 Ma), when several reefs are recorded from Mongolia, the country with the lowest GDP density in the analysis.
With few exceptions, the direction of changes is the same for N and V . One notable exception is the Late Jurassic reef bloom (at around 155 Ma), which is interpreted to be overestimated by the analysis based on numbers, whereas in the volume analyses the original values are raised. This is due to the concentration of recorded reef sites in countries with a high GDP density (France, Germany, Slovenia) and the few reefs with large estimated volume being in countries with a low GDP density (Russia and Uzbekistan). The overall volatility in the time series is raised with respect to the previous adjustment level and is close to the volatility of the raw data (Table 4) .
Reductions of the raw values are common in the Mesozoic and Cenozoic owing to concentrations of reefs in countries with a relatively high GDP density. Occasionally, reductions are also observed in the Paleozoic (e.g., V in the late Visean, because there are many records of reefs in the United Kingdom). A noteworthy reduction is seen in the second ten Myr bin of the Triassic (late Anisian-Ladinian) both for N (Fig. 4b) and V (Fig. 5b) . Although not very distinct in absolute numbers, the proportional loss by GDPadjustment is significant (39% and 46%, respectively). This suggests that the relatively rapid recovery of reefs after the Permian-Triassic mass extinction may be overestimated due to observations in countries with a high GDP density (in this case Austria and Italy, the common reefs in China have little effect, because China's GDP density is close to average).
The final adjustment steps (sediment cycling) consistently intensify the early Paleozoic reef bloom. For supersequences, the Silurian peak now becomes extremely pronounced (Figs. 6a and 7a) . At the finer stratigraphic resolution (Figs. 6b and 7b ) the (middle and Late) Silurian is also identified as a major time of Phanerozoic reef expansion, but does not stand out against the peaks in the latest Ordovician and Emsian to Givetian ages. Except for volumes at the 10 Myr sample resolution, this step of adjustment results in further increases of volatility (Table 4) .
The overall similarity of the original and adjusted curves is greater than discernible at first glance (Fig. 8) . The correlation between two subsequent levels of adjustment varies between 0.47 and 0.95 with generally higher similarities between time series of N than between time series of V . There even is a surprisingly great similarity between the raw data and the final step of adjustment. It is only for reef volumes at the supersequence level where this similarity in not significant (R=0.28, P =0.12). The patterns of changes (the differences between bins) in both N and V are even less affected by the adjustments. Although the magnitude of changes between adjacent time intervals varies considerably, the direction of change is hardly affected. Detrended time series (first differences) thus have a highly significant cross-correlation for all time series and between all levels of adjustments (Table 5). The basic pattern of waxing and waning in the reef ecosystem seen in the raw data is still observed in the adjusted curves.
Discussion and conclusions
The adjustments to the original time series of Phanerozoic reef abundance and volume are just first steps towards a reliable estimate of true fluctuations and they still have some shortcomings. As previously discussed (see Sects. 2.1 and 2.2), the exclusion of oceanic and subsurface reefs is not without problems, although these steps certainly remove more bias than they add. Despite the use of a conservative approach, the adjustment for GDP density is perhaps exaggerated, because it applies the same correction factors for N and V to the same countries for all time intervals, irrespective of regional variations in geological characteristics. Due to low sample sizes, especially in some of the 10 Myr intervals, the effect of the adjustment is probably too strong, albeit mathematically correct. One detailed survey in a country with a low GDP density (perhaps by scientists from another country) can substantially inflate the adjusted values. Problems are also involved in the effects of sedimentary cycling processes. I have applied the same decay constant for reef numbers and reef volumes, although the decay constant derived from the mass-age distribution of sedimentary rocks should only be applied to volumes. Additionally, I have applied variations in chemical weathering intensity of siliciclastic rocks to modify the exponential decay function, although carbonates are somewhat different in their weathering behavior (Bluth and Kump, 1994) .
Given all these restrictions, how confident can we be about the final curves? One referee suggested to bolster the results by comparing the new time series with data of environmental changes. However, the presence or absence of crosscorrelations with environmental parameters would neither prove nor disprove the validity of the new curves. be emphasized that cross-correlations between time series have to be performed based on detrended values (first or generalized differences; McKinney and Oyen, 1989) rather than on raw data, which are biased by autocorrelations. Therefore, the wiggles in the curves are more relevant than the general pattern for the assessment of extrinsic forcing. The fact that, after detrending, there is such a good cross-correlation between raw curves and adjusted curves (Table 5) , raises the credibility of both the original and the adjusted curves. At the same time this fact renders it unlikely that a repetition of previous analyses with the new curves would yield different basic results. Perhaps, the waxing and waning of reefs is just not as directly (or linearly) controlled by environmental change as commonly thought. One additional observation may substantiate the trustworthiness of the new curves in favor of the originals: the general pattern of a much more productive reef factory in the Paleozoic than in the Mesozoic and Cenozoic is in line with global data on cratonic carbonates (Walker et al., 2002) , whereas the original curves show a unlikely strong peak in the Neogene.
Although it is currently difficult to evaluate the errors in the new curves in detail, the methods presented here certainly show the correct basic steps towards "unbiasing" the fossil and geological records. Further constraints on (1) true fluctuations in the proportions of oceanic reefs relative to continental reefs through time, (2) exposed versus buried reefs and carbonate sediments (3) the GDP-density effect, (4) the decay constant for both reef numbers and volumes, and (5) changes in carbonate weathering intensity will permit to finetune the unbiased time series of Phanerozoic reef CaCO 3 production. Future refinements, however, are unlikely to modify the conclusions that can be drawn from the current results:
1. Fluctuations in Phanerozoic reef proliferation were indeed profound. All adjustments failed to substantially reduce volatility in the dataset suggesting that the great fluctuations already seen in the raw data are real and of biological significance. Time series of reef volumes show greater volatility than time series of reef numbers (Table 4) suggesting that smaller reefs may behave differently from larger reefs.
2. The most prolific reef growth of the Phanerozoic was in the early Paleozoic and probably in the Silurian period. The result of an unparalleled reef bloom in the early Paleozoic is surprising and counter-intuitive given the common perception of the Cenozoic or even Neogene as the age of modern coral reefs (Veron, 1995; Perrin, 2002) . However, there are previous qualitative statements of a maximum reef expansion in the Silurian and Devonian periods with reef areas up to 10 times the ones in the modern ocean (Copper, 1994) , and, as stated above, the general pattern is more in line with quantifications of overall cratonic carbonate sedimentation (Walker et al., 2002) .
My results have more general implications, because they are also applicable to other ecosystems, sedimentary units and estimates of biomass. To mention just a few examples, one could think of rainforests, radiolarites or the skeletal mass of shelly invertebrates as future applications of the methods presented here.
